Considered as one of the most available radionuclide in soil-plant system, 36 Cl is of potential concern for long-term management of radioactive wastes, due to its high mobility and its long half-life. To evaluate the risk of dispersion and accumulation of 36 Cl in the biosphere as a consequence of a potential contamination, there is a need for an appropriate understanding of the chlorine cycling dynamics in the ecosystems. To date, a small number of studies have investigated the chlorine transfer in the ecosystem including the transformation of chloride to organic chlorine but, to our knowledge, none have modelled this cycle. In this study, a model involving inorganic as well as organic pools in soils has been developed and parameterised to describe the biogeochemical fate of chlorine in a pine forest. The model has been evaluated for stable chlorine by performing a range of sensitivity analyses and by comparing the simulated to the observed values. Finally a range of contamination scenarios, which di↵er in terms of external supply, exposure time and source, have been simulated to estimate the possible accumulation of 36 Cl within the di↵erent compartments of the coniferous stand. The sensitivity study supports the relevancy of the model and its compartments and has highlighted the chlorine transfers a↵ecting the most the residence time of chlorine in the stand. Compared to observations, the model simulates realistic values for the chlorine content within the di↵erent forest compartments.
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Introduction 1
Chlorine is a wide-spread element in natural environments. It is con-2 sidered as one of the more mobile elements in soil and is also an essential 3 micronutrient for higher plants (White and Broadley, 2001 ). Chlorine oc-4 curs in nature as two stable isotopes; chlorine-35 and chlorine-37 with 35 Cl 5 being the most prevalent. Of the seven radioactive chlorine isotopes, only 6 one, chlorine-36, has a half-life longer than 1 hour. 36 Cl decays with a half-7 life of 300,000 years by emitting a beta particle and electron capture; most 8 of the decays (98%) are by beta-particle emission. 36 Cl is generated nat-9 urally by spallation in the atmosphere of argon-36 by cosmic ray protons,
10
by interactions between cosmic radiation and Cl, Ca and K in near-surface 11 rocks and soils, and by neutron activation of 35 Cl in soil and rock (White 12 and Broadley, 2001). 36 Cl is also produced anthropogenically during nuclear 13 tests and nuclear industrial processes; i.e. 36 Cl is produced by neutron activa- available radionuclide for plants (Colle et al., 2002) , 36 Cl was shown to have 22 the same behaviour as stable Cl in soil and plants (Kashparov et al., 2007) .
23
Consequently, radio-chlorine is likely to be recycled in the biosphere and im-24 pact the food chain over a very long time. forest (Redon et al., 2011) . In many cases, the organic chlorine pool is often 36 greater than the inorganic pool. In fact, the natural cycle of chlorine in soils 37 is complex involving simultaneous formation and degradation of chlorinated The objective of this study is to develop a model describing the biogeo- the chlorine present in the whole tree is in its organic form.
111
• The annual uptake of chlorine through root absorption is nine-fold 112 larger than the chlorine demand by the tree, which is the total quantity in Cl return to the soil.
119
• The chlorine content within the tree biomass represents only 0.9% of 120 the total chlorine content present in the whole pine stand. The chlorine 121 content in the understorey and in the root system cannot be neglected 122 since they represent respectively 1.2% and 0.5% of the total chlorine 123 within the ecosystem at the stand. Most of the chlorine can be found 124 in the forest floor (5.7%) and in the mineral soil layer (91.7%).
125
• Assuming that the system is in equilibrium, the residence time of chlo- to interact with organic matter (Garten, 1978 (Garten, , 1987 . 
153
In addition to this, the atmospheric deposition on the external leaf surface of chlorine over time in the di↵erent compartments is expressed as:
158
Based on Equation 1, the chlorine transfer between the di↵erent com-159 partments can be determined by solving the following set of first-order linear 160 di↵erential equations:
where of inorganic chlorine measured in the O f layer, which is around 2.6 kg ha 1 .
230
As mentioned in Section 2.2, the chlorination rate at the pine stand was es- mineral layers. In that study, the net mineralisation rate was estimated to be 243 comparable to the rate of chlorination that is predominating in the top soil.
244
Given a chlorination rate of 0.62 kg ha 1 yr 1 , the degradation of organic 245 chlorine to the inorganic form was estimated to be 4.22
value is the ratio between the mineralisation rate and the organic chlorine 247 content of the soil, which is equal to 401 kg ha 1 (Thiry, 2010) . 
where Q is the annual percolation, K(✓) the hydraulic conductivity, Z 254 the soil layer thickness and ✓ the volumetric soil moisture content in this 255 soil layer. In the pine stand, the forest floor is 81 mm thick (Thiry, 2010) . knowledge of the soil-water retention curve:
with m and n the dimensionless Mualem-van Genuchten parameters, and
267⇥
a dimensionless water content defined as: 
294
Export through leaching of organic chlorine from the soil (k 28 )
295
In the absence of data on chlorine speciation in groundwater, the loss of or- via litter-fall and through-fall. In the pine stand, this uptake has been esti-322 mated to be 13.7 kg ha 1 yr 1 (Thiry, 2010 sumed to return to the soil through decay, while the amount allocated to the 341 growing coarse roots is assumed to accumulate in the below-ground biomass.
342
As mentioned earlier, the proportion of chlorine uptake by the roots from the Translocation from roots to above-ground tree biomass (k 56 )
349
Chlorine is an essential micronutrient for plants. It was shown to be readily 350 taken up by trees and to be highly mobile in pine trees (Thiry, 2010 the variability of the simulated chlorine content given this standard deviation.
389
The standard deviation of the chlorine content in the system is used as a 390 measure for the variability:
where C l is the individual simulated concentration of chlorine within the 392 seven-compartments system for each specific k ij l value, andC is the mean of 393 the C l values.
394
In order to evaluate the role of each transfer rate on the dispersion and 395 accumulation of the chlorine within the seven-compartment system, the cor-396 relation between the selected transfer rate k ij and the chlorine content in the 397 compartments has been computed using the determination coe cient, r: The sensitivity of the model however depends on the transfer rate and The normalised standard deviation from the mean chlorine content (in %) for each compartment given a 20% uncertainty on the transfer rates value for a chronic atmospheric deposition (top) and underground source (bottom) of 10 kg ha 1 yr 1 of stable chlorine, after a simulation of 2000 years. scenario, this parameter a↵ects largely the content of C 2 , C 3 and C 4 as well.
477
A variation of the k 18 value has a large impact on the chlorine content in the 478 drainage water (not shown in Table 2 ) and in the inorganic chlorine pool of the tree (C 6 ) compartments, which are both strongly linked, are in general 516 quite sensitive to the di↵erent transfer rates as well.
518
From Table 2 it can be seen that the sum of the impact of each individual 519 transfer rate uncertainty on the chlorine content in the system and its com- have less impact at the system scale than at the individual component scale.
526
The processes within the system interact with each other, in agreement with 527 the high dynamics characterising the chlorine cycling. The values of the Pearson correlation between the transfer rates and the 535 chlorine content in the di↵erent compartments are provided in Table 3 Table 3 shows that, overall, the chlorine contents and the transfer rates are 549 strongly correlated and that the correlations between both are very linear.
550
There are however strong di↵erences between transfer rates and compart- 
Simulations versus observations

584
The result of the simulations performed with the parameterisation pro-585 vided in Table 1 and the further evolution of organic chlorine in the soil.
599
In Table 4 , the chlorine content in the di↵erent compartments after a Table 4 : Observed and simulated chlorine content in the di↵erent compartments for a chronic atmospheric deposition of 12.6 kg Cl ha 1 yr 1 . The results are given in kg/ha for a system close to equilibrium. The leaf surface is the first pool to reach equilibrium (<1 year), followed tion, from which 513,7 Bq ha 1 or 2.6% is still in the system at equilibrium.
643
Over this period, around 19500 Bq ha 1 of 36 Cl has left the system, 93.3% respectively. This decrease however becomes less important after a few years 698 due to a gradual transfer of chlorine from the organic to the inorganic pool.
699
The half-life of the chlorine content in the root and the tree compartments is The sensitivity study has shown that the chlorine content on the leaf sur- Once the atmospheric contamination stops, the tree compartments, i.e.
821
leaf surface, leaves, wood and roots, requires less than 6 years to be depleted 
